Acinetobacter baumannii, a Gram-negative opportunistic pathogen, is a leading cause of hospital-10 acquired infections. A. baumannii is difficult to eradicate from hospitals due to its propensity to 11 quickly gain antibiotic resistances and ability to robustly survive on dry surfaces. These strategies are 12 largely mediated by mutagenesis and biofilm development, respectively. Mutagenesis is partly 13 governed by the DNA damage response (DDR). Biofilms are multicellular communities, often 14 surface-attached, that are more difficult to eradicate than free-living planktonic cells. There is 15 increasing evidence that the DDR and biofilm development are linked processes. Here, we show that 16 upon DNA damage, the relative intracellular concentration of RecA, the key DDR protein, is lower 17 than those of Escherichia coli. Notably, we report that RecA negatively influences biofilm 18 development. Cells lacking RecA (∆recA), that are unable to upregulate the DDR, have increased 19 surface attachment and sugar content within the biofilm matrix. We further show that in A. 20 baumannii, a modest increase in RecA concentrations, akin to DDR induction, decreases surface-21 attachment. Importantly, biofilms formed by ∆ recA cells are more difficult to eradicate with 22 2 antibiotic treatment. The evidence suggests that the A. baumannii DDR influences survival 23 independent from mutagenesis. It also demonstrates the importance of understanding fundamental 24 biology to better appreciate the relationships between different bacterial survival strategies. 25
complementation (Fig. 2C ). It is possible that gene dosage may somehow affect the surface 126 attachment phenotype 38, 39 . 127
In addition to pellicles, biofilms are often studied as colonies (growth at the air-surface interface) 40 . 128
Typically, robust colony biofilms have more wrinkling and surface architecture due to differential 129 cell death and mechanical forces as a result of increased extracellular matrix 41 . At 48 hrs the ∆ recA 130 colony biofilm grown on solid LB medium had a rigid edge and surface wrinkles compared to the 131 smooth WT colony biofilm (Fig. 3 ). The 7 biofilms would have fewer surface-attached cells than biofilms from WT or ∆ recA cells. Indeed, 140 Crystal Violet staining showed that the recA ++ strain at 48 h had significantly less surface-attached 141 cells compared to the WT and ∆ recA ( Fig 4A&B) . 142
Overall, the evidence supports an inverse correlation between RecA and biofilm formation. 143
Surprisingly, it appears that small differences in intracellular RecA concentrations have large 144 phenotypic effects. In Escherichia coli RecA intracellular concentrations are much higher, but RecA 145 forms storage structures 42 which may limit the phenotypic effects of higher RecA. Given that the 146 induced levels of RecA in the parental strain closely match that of the recA ++ strain (Table 2) , our 147 findings suggest that upon DDR induction, A. baumannii have decreased ability to form biofilms due 148 to the relative change in RecA levels, especially in the high RecA cell type. It is possible that there 149 may be recA-dependent genes being upregulated or downregulated that may affect biofilm 150 development however this is yet to be determined. Due to the absence of a LexA homologue in A. 151 baumannii, it is possible that RecA may serve different regulatory role in cells as has been previously 152 suggested 35 . 153 154 ∆ recA cells form biofilms with both increased matrix and a shift toward higher total 155 carbohydrate content 156
One possible explanation for the pellicle and colony biofilm phenotypes observed is that ∆ recA cells 157 produce more matrix or produce matrix earlier compared to WT cells. Pellicle biofilms from the 158 ∆ recA and WT strains at 24 hrs and 48 hrs were imaged by scanning electron microscopy (SEM) to 159 observe if there was more matrix. To gain insights into the composition of the matrix, the SEM 160 procedure included 2 different fixation methods (detailed in Materials and Methods). The first 161 fixative (Fix 1) uses cationic dyes, which bind to negatively charged polysaccharides that are thus 162 preserved for imaging. The second fixative (Fix 2) excludes cationic dyes, such that 8 exopolysaccharides are not preserved in the imaging 43 . There was noticeable difference between the 164 matrix produced and biofilm structures of the WT and Δ recA strains ( Fig. 5 , Fix 1). At 24 hrs, Δ recA 165 cells are embedded in an observable thick matrix, while the WT cells were not ( Fig. 5 , Fix 1). The 166 biofilms formed by either strain appeared naked in the absence of polysaccharide preservation, which 167 suggests that the matrix observed in Fix 1 is largely composed of polysaccharides ( Fig. S3 , Fix 2). At 168 48 hrs, the Δ recA cells are embedded in an even thicker matrix. The WT cells at 48 hrs (when these 169 cells formed a visible pellicle; Fig. 2B ) are more tightly packed than at 24 hrs with observable 170 matrix. However, the WT cells do not appear to be as embedded within the matrix as the Δ recA, and 171 they are preserved by Fix 2 at 48 hrs ( Fig. S3 ). This finding suggested that Δ recA cells produce 172 extracellular matrix earlier in their lifecycle that may have a different composition to matrix 173 produced by WT cells. 174
To determine and quantify whether the differences in biofilm matrix between the WT and ∆ recA 175 strains were due to changes in polysaccharides, total extracellular matrix was extracted from 176 stationary phase cells and carbohydrate content was measured. Therefore, to directly measure viability of surface-attached cells before and after gentamycin 206 treatment, we performed LIVE/DEAD staining on remaining surface-attached cells and quantified 207 the number of cells within 5 independent fields of view. We find that with no gentamycin treatment 10 and compared to the WT, the ∆ recA strain had ~ 2-fold more viable surface-attached cells while in 209 the recA ++ approximately half of them are found attached (Table 3 ). The gentamycin treated biofilms 210 (Table 3) shows that though free living planktonic ∆ recA is more sensitive than WT to antibiotic 211 treatment 37 , in a biofilm survives approximately 4-fold better than WT (Table 3 ). In the treated 212 recA ++ strain, surface attached cells could not be recovered, which is consistent with its lowered 213 ability to form biofilms (Table 3) . Taking all of this data together, it seems that RecA influences 214 biofilm development and its expression is inversely correlated with biofilm genes. 215
Discussion 216
Bacteria largely exist in the environment as biofilms 45 . Generally, cells in biofilms have different 217 characteristics and gene expression profiles than their free-living planktonic counterparts. Here, we 218 find that in A. baumannii, a key DNA damage response gene, recA, negatively influences biofilm 219 development. Our results show that Δ recA cells have increased surface adherence while cells with 220 excess RecA or induced levels of RecA (recA ++ ) have decreased adherence (Figs. 2-4, Table 3 ). We 221 showed that RecA induced levels are lower than those of E. coli (Fig. 1 , Table 2 ) and that differences 222 in RecA intracellular concentration in the recA ++ cells have significant differences in phenotype (Fig  223   4 ). Moreover, the recA ++ cells, which mimic the induced concentrations of RecA (Fig 4) , 224 demonstrates the consequences of an active DDR on biofilm development. 225
The adherent cells produce more extracellular matrix earlier with greater total carbohydrate content 226 ( Fig. 5, Fig S4) . Importantly, Δ recA biofilms on an abiotic surface are more resilient to antibiotic 227 challenge ( Fig. 6 , Table 3 ). Moreover, we find that the antibiotic-challenged surface-attached cells 228 are viable after antibiotic treatment (Table 3) providing additional evidence to the concept that 229 biofilms protect cells from antibiotic exposure 14, 15 . Thus, recurring infections may be the product of Δ recA insertional mutant used in this study. Free-232 living Δ recA cells had decreased survival during heat shock, desiccation, UV, and antibiotic 233 treatment 37 . Importantly, the Δ recA strain had much lower pathogenicity in a mouse model, 234
indicating its importance in this process 37 . These results demonstrate the significance of RecA in 235 survival and virulence in free-living planktonic cells. However, additional evidence 46 is consistent 236 with our findings suggesting the importance of investigating both biofilm and free-living states. 237
For example, it has been shown that strong A. baumannii biofilm formers are less frequently 238 antibiotic resistant 46 , consistent with low mutagenesis (i.e. low DDR or recA gene expression, and 239 similar to ∆ recA). However, these cells were more resistant to eradication 46 , again consistent with 240 the observation that Δ recA surface-attached cells are more difficult to eradicate with antibiotics. For 241 example, certain antibiotics have lowered penetration of biofilms 14,15 and there is a nutrient gradient 242 within the biofilm which leads to different metabolic states 47 . Thus, it is important to understand 243 differences in gene expression, survival and phenotypic differences in both planktonic and biofilm 244 states. 245
Our findings have intriguing impacts on the lifestyle of A. baumannii, especially in the clinic. We 246 have previously shown that in response to DNA damage there is formation of two phenotypic 247 subpopulations or cell types, one with low and one with high recA and DDR gene expression 36 . 248 Therefore, whenever A. baumannii senses stress such as antibiotic treatment, there would be cells 249 within the same clonal population that would favor biofilm formation (low recA expression) and cells 250 that would favor mutagenesis (high recA expression) and biofilm dispersal. However, the molecular 251 underlying mechanisms leading RecA to influence biofilm development remain to be identified. 252
These results demonstrate the complexity of treating pathogens such as A. baumannii with a DDR 253 that does not follow the paradigm 10,36 . Recent work has highlighted the potential for clinical RecA 254 inhibitors to potentiate the effect of antibiotics while hindering antibiotic resistance acquisition in 255 bacteria 48 . This indeed may be promising in the treatment of certain bacteria, as demonstrated in E. 256 coli 48 . Our results show that for A. baumannii, removing mutagenic capacity may be an important 257 avenue to explore to combat acquisition of resistant infections, but biofilm formation of strains in 258 which RecA is inhibited may prove to be an unwanted side effect. It is thus important to understand 259 the relationships between survival strategies in bacteria, and that different bacteria may have different 260 responses to treatment, based on their fundamental biology. 261
Methods 262
Strains and Growth Conditions 263
Strains used are listed in Table 1 . All bacterial cultures were routinely grown in LB medium, unless 264 otherwise noted, and incubated at 37°C with shaking at 225 rpm for liquid cultures. YT medium is 265 composed of 2.5g NaCl, 10g Tryptone and 1g Yeast extract per liter. The A. baumannii w/ P recA -recA 266 strain was constructed by introducing the P recA -recA plasmid into the WT strain, as described 267 before 10 . 268
Purification of His-tagged A. baumannii RecA 269
The recA gene from A. baumannii and E. coli were cloned into a pET-His6-TEV-LIC vector (plasmid 270 29653; Addgene, Cambridge, MA, USA) and introduced by transformation into DH5α Escherichia 271 coli cells for plasmid maintenance. The induction of expression and purification methods are as those 272 previously followed to purify RecA from Escherichia coli 33 . RecA purification was confirmed by 273 was inoculated into LB broth with antibiotics as appropriate. Saturated cultures were diluted 1:50 278 (recA ++ ) or 1:100 (all others) and grown for 3 hours (hrs) to exponential phase. Ciprofloxacin (Cip) 279 was used as before at 10x the MIC 10 . A parallel culture for each strain was left untreated. 2, 4, and 6 280 mL samples of cells were collected by centrifugation and lysed with BugBuster (Novagen) and 281
Pierce Universal Nuclease according to manufacturer's instructions. Cell free lysates of treated and 282 untreated samples were quantified following manufacturer's instructions (BioRad) and were 283 combined with 5X Laemmli buffer to the same total volume and denatured at 75ºC for 10 minutes. 284
The samples were separated on a 12% Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose 285 membrane 49 . The blot was developed as before 49 
Pellicle & Colony Biofilm Formation 294
To form pellicle biofilms, that is biofilms formed at the air-liquid interface, cells from an 295 exponential culture were inoculated at a 1:1000 dilution into YT liquid medium in either 12 or 24-296 well non-tissue culture treated (do not contain a coating to change surface properties) polysterene 297 plates. The same number of cells, adjusted based on optical density, were added to each well. 298
Plates were then incubated statically at 25°C. A standard Crystal violet staining procedure was 299 used to quantify adherence to the polystyrene surface 50 . For colony biofilms, 5 µL of a saturated 14 bacterial culture were spotted on to a solid LB medium plate and incubated for 48 hrs at 37°C. 301
Images of biofilms were taken with a Leica MSV269 dissecting scope and a Leica DMC2900 302 camera, using the same settings. 303
Coverslip Biofilms and SEM microscopy 304
Biofilms for SEM were prepared by collecting pellicle biofilms on a glass coverslip treated with a 305 solution of 0.1 mg/mL of polylysine (Fisher Scientific). The coverslips with the biofilms were 306 deposited in wells with either fixative 1 or 2 for at least 24 hrs. Fixative 1 is composed of 25% 307 Glutaraldehyde, 0.1 M Na-Cacodylate buffer (pH 7.2), 0.15% Alcian Blue and 0.15% Safranin. 308
Fixative 2 is composed of 25% Glutaraldehyde and 0.1 M Na-Cacodylate buffer (pH 7.2). Additional 309 treatment of the coverslips and observation of the biofilms was performed at the Northeastern 310 University Electron Microscopy Core Facility. 311
Sugar Extraction Assay 312
Total extracellular matrix was extracted and total carbohydrate content was quantified using a 313 modified protocol from Jiao et al. 2010 51 . Briefly, 500 µL of YT medium saturated cultures of the A. 314 baumannii strains were centrifuged at 13,000 rpm for 1 minute in pre-weighed micro centrifuge tubes 315 and washed twice with 1X PBS; supernatant was discarded. Cell pellets were dried at 95°C and 316 reweighed. This process was repeated until all dried pellets were approximately equal in weight 317 (differences no more than 20% from each other). Pellets were reconstituted in 100 µL of 1X PBS and 318 400 µL of a 0.1 M sulfuric acid solution was added to each tube. Cell suspensions were mixed in a 319 vortex every 10 minutes for 1 hr. Then, 250 µL of concentrated sulfuric acid (95% minimum) was 320 added, followed by 50 µL of freshly made 10% phenol solution in water. This mixture was incubated 321 at 95°C for 5 minutes. The absorbance at 492 nm of each sample was determined in a Biotek plate 322 reader (Synergy HT). This measurement represents total carbohydrates. The absorbance per gram of Standard assays were used to test for MIC 52 . Pellicles were set up as described above and incubated 328 statically at 25°C for the number of hours indicated in the respective figure legends, at which time 329 cells that were not stuck to the wells' surface were removed, and wells washed three times with 330 1X PBS. YT medium containing Gentamycin, at a range of concentrations shown in the respective 331
figures was added to each washed well. The plate was then incubated statically for 24 hrs at 25°C, 332 after which the spent medium was removed, and wells were washed three times with PBS. Crystal 333
Violet staining was then carried out as before 50 . LIVE/DEAD staining was performed on 334 resuspended surface-attached cells, and microscopy performed as before 53 . The stained cells from 335 surface-attached cells of the WT, ∆ recA, and recA ++ after gentamycin treatment were 336 mechanically disrupted to dislodge attached cells. This methodology did not affect cells' integrity. 337
The number of total cells obtained from the surface-attached fraction varied from strain to strain 338 due to their difference in ability to attach to surfaces. The total number of cells and their viability 339 was determined by counting 5 independent microscope fields from each of the strains. 
